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Farmington. Conne~ticut
It is now generally agreed that Na+ -K+ adenosine tri-
phosphatase (ATPase), a transport enzymederived from
the sarcolemmal sodium pump, is the primary site at
which digitalis exerts its effects on the myocardial cell.
Inhibition of the ability of this ion transport enzyme to
catalyze Na+ efflux from the cell in exchange for K+
leads to both the therapeutic and toxic effects of the
cardiac glycosides. The mechanism by which digitalis
inhibits the sodium pump has been established in studies
of Na+-K+ ATPase which show that the ability of car-
diac glycosides to inhibit adenosine trtphcsphate (ATP)-
supported transport of Na+ is reduced in the presence
" . . . it is a far cry from the early days when physicians
groped to learn by empirical means of trial and error on
patients when a drug could be used and when it could not
and when it was dangerou s and toxic. Today we have a
scientific background which makes the use of the drug far
more rational and reduces, but does not eliminate , the
final employment of clinical testing . We now have a vast
coordinated body of scientific knowledge to serve as a
base for the clinical use of this drug. "
Louis N. Katz , MD, FACC, 1969 (I)
This quotation is taken from an earlier symposium on
digitalis that was organized by Fisch and Surawicz (1) and
held at the Indiana University School of Medicine in 1969.
Although the mechanism of the inotropic action of this class
of drug s was controversial 16 years .ago, several important
findings that appeared at that time are now generally ac-
cepted as providing a basis for the therapeutic action s of
these drugs. Most important of these were a report by
Schatzmann (2) that digitalis inhibited the active transport
of Na + and K + in erythrocytes , and studies by Skou (3)
that provided evidence that an Na + -K + adenosine triphos-
phatase (ATPase) enzyme isolated from nerve was the bio-
chemical counterpart of the sod ium pump arid was specif-
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of elevated levelsof K+ • These studies explain the ability
of hypokalemia to potentiate the effeets of 'cardiac gly-
cosides o~ the heart, and of high K+ concentrations to
overcome the inhibition of sodium pump activity by the
cardiac glycosides. Recent demonstrations that the pos-
itive inotropic effect of the cardiac glycosides is corre-
lated with an increased intracellular Na+ provide strong
evidence that these effects of digitalis to impair sodium
efflux are responsible for the increased myocardial'con-
tractility caused by dig~talis,
(J Am Coil CardioI1985;5:16A-21A)
ically inhibited by cardiac glycosides. The importance of
these observations in terms of the mechanism underlying
the inotropic effect of digitalis was recognized by Wilbrandt
(4) and Repke (5) , who related the ability of these drugs to
inhibitNa" transport to the then growing knowledge of the
role of Ca2 + in the regulation of myocardial contractility .
These investigators postulated that the increase in intracel-
luIar Na + caused by the inhibitory action of cardiac gly-
cosides on the sodium pump led to a net gain in cellular
Ca2 + by the operation of a sodium-calcium exchange mech-
anism that coupled the movements of Na + and Ca2+ in
opposite directions across the sarcolemmal membrane. Ex-
perimental support for this mechanism explaining the ino-
tropic; actions of these drugs was provided by Baker et al .
(6) , who demonstrated that an increase in intracellular Na +
led to increased Ca2+ influx , and by Langer and Serena (7) ,
who observed that the ability 'of digitalis to increase intra-
cellular Na + was accompanied by a: decreased rate of Ca2 +
efflux.
Together, these studies provided a clear mechanism by
which inhibition of the sodium pump and the resulting in-
crease in cytosolic Na + could lead to a gain in cellular Ca2 +
through the operation of the sodium-calcium exchanger.
These and more recent observations that support these earlier
observations on the role of sodium-calcium exchange in the
inotropic actions of digitalis are discussed in this symposium
by Fozzard (8), so that this report is focused on the sodium
pump and the mechanism by which it is inhibited by digitalis
(for reviews see references 9 and 10).
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The Sodium Pump and Na+·K+ ATPase
The sodium pump is one of the most important of the
ion transport systems in the cardiac sarcolemma (Fig. I).
The activity of this ion transport system is manifest in iso-
lated membrane preparations as an enzyme, Na + -K +
ATPase, that hydrolyses adenosine triphosphate (ATP) at
a rate that is increased by either Na + or K + alone, this
stimulation being greatly augmented when Na + and K + are
present together. This enzyme transduces the energy derived
from ATP hydrolysis to active Na + and K + transport across
the sarcolemma; in isolated membrane fragments, however,
Na + -K + ATPase activity is not coupled to a net movement
of these cations.
Sodium-calcium exchange. The main function of the
sodium pump is the active transport of Na + out of the cell
in exchange for K + , and the establishment of Na + and K +
gradients across the sarcolemma. In addition to its obvious
importance in determining the electrophysiologic properties
of the heart, notably by generating the Na + gradient that
provides the driving force for the fast inward current, the
creation of an Na + gradient across the sarcolemma plays
an important role in the maintenance of cell composition.
This is because the large concentration gradient for Na +
across the sarcolemma that is generated by the sodium pump
provides a reserve of osmotic energy that can be utilized
for the active transport of a number of other substances
across this membrane. In the myocardial cell, the most
important of these substances is Ca2 + , which leaves the cell
against a concentration gradient in exchange for Na + by a
process called sodium-calcium exchange. It is this exchange
Figure 1, Schematic diagram of the reactions catalyzed by the
sodiumpump. ThreeNa ionsbind to the innersurfaceof the~ump
(E), from which they are transported out of the cell against a
concentration gradientin exchange for two K ions that are bro.ught
into the cell. The reaction is "energized" by the hydrolysis of
adenosine triphosphate (ATP) by a reaction that requires ~g2 +
as a cofactor. (Modified with permission from Post RL. Simul-
taneous or consecutive occupancy by sodium and potassium ions
of their membrane pump. In: Solomon AK, Kamovsky M, eds.
Molecular Specialization and Symmetry in Membrane Function,
Cambridge: University Press 1978:214.)
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that allows the sodium pump to participate in the regulation
of myocardial contractility.
Sodium-calcium exchange is a countertransport (or an-
tiport) that utilizes the energy available from the' 'downhill"
movement of Na + into the myocardial cell to power the
"uphill" transport of Ca2 + out of the cytosol against a large
electrochemical gradient. Before this exchange can occur,
Na + must be actively transported out of the cell so as to
provide a reserve of potential energy that can be used by
the sodium-calcium exchanger for the active transport of
Ca2 +. The potential energy stored in the Na + gradient is
then used to "lift" Ca2 + out of the cell much as one bucket
lowered into a well can help lift a second bucket to which
it is attached over a pulley. As this sodium-calcium ex-
change mechanism represents the most important means by
which Ca2 + is expelled from the heart, reduction in the Na +
gradient can inhibit Ca2 + efflux and lead to a net gain in
myocardial cell Ca2 + .
Similar mechanisms linking the movement of Na + down
its concentration gradient to transport other substances across
the plasma membrane are found in tissues other than the
heart. For example, glucose and amino acid uptake by the
intestinal brush border utilize the Na + gradient to provide
energy for the active transport of these substrates. In contrast
to sodium-calcium exchange, however, these are cotransport
or symport mechanisms in which the fluxes of Na + and the
substrates across the membrane move in the same direction.
Sodium-potassium exchange (Fig. 1). In addition to
generating an Na + gradient that provides energy for active
transport of other substances, the sodium pump clears the
cytosol of the small amount of Na + that enters the cell with
each action potential. At the same time, the sodium pump
exchanges this Na + for K + and so returns to the cytosol
the small amount of K + lost from the cell during the re-
polarization phase of the action potential. The fact that the
sodium pump moves positively charged ions in opposite
directions across the membrane minimizes the electrochem-
ical work of this pump.
Although the sodium pump catalyzes an exchange of Na +
and K + in opposite directions across the membrane, the
amounts of these ions moved during each turnover of the
pump are not the same. The fact that the sodium pump does
not move equal amounts of Na + and K + in opposite di-
rections across the membrane means that during its operation
the sodium pump generates an electric current; in other
words, the sodium pump is electrogenic. It is now generally
agreed that three Na ions are transported out of the cell in
exchange for only two K ions that are brought into the cell,
so that the sodium pump generates a current in which a net
positive charge moves out of the cell. According to elec-
trophysiologic convention, this outward movement of pos-
itive charge represents an outward current that tends to in-
crease negative intracellular potential.
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The sodium pump and myocardial cell potential. The
fact that the electrogenic character of the sodium pump tends
to increase the negativity of the cell interior means that this
ion pump helps to maintain the normal resting potential of
the myocardial cells. When these cells are depolarized, the
outward ionic current generated by the sodium pump favors
repolarization. Although the potential generated by the so-
dium pump is small (probably <10 mY), under some cir-
cumstances this outward current can be of considerable func-
tional significance. For example, in injured cells where resting
potential is low, the outward current generated by the so-
dium pump may make a significant contribution to cell ex-
citability. As inhibition of the sodium pump by digitalis
reduces this outward current, the cardiac glycosides can
cause depolarization and thus contribute to arrhythmias in
settings where resting potential is lowered; for example, in
the ischemic heart.
Properties of Na+-K+ ATPase
Cation binding sites of Na +-K+ ATPase. Our present
understanding of the sodium pump and of the mechanisms
by which this transport system utilizes the chemical energy
of ATP to transport Na + out of the cell in exchange for
K +, has been greatly aided by studies of the Na + -K +
ATPase found in purified plasma membrane preparations.
To permit the sodium pump to move Na + in one direction
across the sarcolemma in exchange for K + that moves in
the opposite direction, the Na" -K+ ATPase enzyme is pro-
vided with two types of cation-binding sites, one on each
side of the membrane. The "polarity" of the sodium pump
is such that Na+ binds to a site that faces the intracellular
side of the membrane, from where it is transported across
the membrane to the extracellular fluid. Because Na+ trans-
port occurs as an exchange for K + , the latter binds to a site
MgATP
+
that faces the extracellular surface of the membrane from
which K + is brought into the intracellular space. Thus, the
cation-binding sites of this enzyme are so arranged that the
Na + -binding site faces the intracellular side of the sarco-
lemma, from which it can associate with this cation before
its transport across to the other side of the membrane, while
the other site binds K + on the extracellular surface of this
membrane (Fig. I).
Reaction mechanism of Na+ -K+ ATPase (Fig. 2). In
recent years, many important details have been leamed about
the mechanism by which the sodium pump couples the en-
ergy derived from the hydrolysis of ATP to the movements
of Na + and K +, and it is now possible to characterize a
number of the steps in the reaction by which the various
substrates (Na + , K + and ATP) interact with this transport
system. This ATPase reaction, which also requires Mg2+,
is complex and involves the formation of a series of inter-
mediates between the sodium pump protein and these
substrates.
The reaction mechanism for the Na" -K+ ATPase en-
zyme is generally depicted as a series of steps that describe
the sequence of the transitions that occur between the in-
termediates formed by the sodium pump enzyme with its
various substrates. In the reaction scheme described in Fig-
ure 2, the enzyme is designated as E while E, and E2 and
E,P and E2P refer to different forms of the enzyme in its
nonphosphorylated and phosphorylated forms, respectively.
In the nonphosphorylated enzyme, E\ and E2 represent states
of the enzyme that have different reactivities to such ligands
as ATP and cations. More important is the distinction be-
tween the two forms of the phosphorylated enzyme, E\P
and E2P. The phosphorylated intermediate E\P is a high
energy intermediate that retains the energy of the terminal
phosphate of ATP in a high energy bond linking the enzyme-
bound phosphate to the protein. This high energy bond is
Figure 2. Reaction scheme of Na+ -K + ATPase. i
ADP
L~
1
s, 7 Ez-P·Mge2K+0 T Ez-P·Mg 7 Ez-P·Na +o·Mg
2 K+ i 2 x-, 3 Na+o
+
Mgz+
JACC Vol. 5, No.5
May 1985:16A-21A
KATZ
DIGITALIS AND SODIUM PUMP
19A
usually an acyl phosphate, in which the phosphate is linked
to the carboxyl group of an acidic amino acid-like aspartate:
o OH
II I
R-C - 0- P -0-,
II
o
Like E.P, EzP is an acyl phosphate except that the high
energy bond (~) is replaced by a low energy bond (-).
EzP can be depicted as:
o OH
II I
R-C -0- P -0-,
II
o
The actual structural difference between E.P and EzP is
subtle and cannot be depicted in this chemical notation.
Experimentally, the distinction between E.P and EzP is eas-
ily understood in terms of the ability of these two phos-
phorylated intermediates to transfer inorganic phosphate (Pi)
back to adenosine diphosphate (ADP) to form ATP. The
energy present in the high energy phosphate bond of E.P
is readily transferred to ADP, so that the release of Pi from
E.P is accelerated in the presence of ADP and leads to the
formation of ATP. For this reason, EtP is often referred to
as "ADP-sensitive." Because EzP, which is referred to as
"ADP-insensitive," is a low energy compound, this phos-
phorylated intermediate cannot transfer Pi to ADP. As a
result, the breakdown of Ez is not accelerated by ADP, nor
can the phosphate moiety that is bound to Ez be used to
form ATP.
The step in the reaction scheme shown in Figure 2 at
which EtP is converted to EzP is believed to represent the
step at which active ion transport actually takes place; that
is, where Na+ and K + ions are "lifted" across the sar-
colemmal membrane from regions of low to higher activity.
As this step utilizes the energy obtained from ATP hydrol-
ysis to move Na + and K+ across the membrane against
their concentration gradients, the conversion of E.P to EzP
represents the critical step in active transport.
The initial step in the reaction scheme by which the Na +-
K + ATPase transports three Na ions out of the cell in return
for the two K ions that enter the cell involves the formation
of E,.3Na+j.MgATP, a complex of the enzyme with ATP
in which three Na ions are also bound to the enzyme:
E, + 3Na+j + MgATP~ E,·3Na+j.MgATP. [l]
The enzyme-bound Na + is designated Na+i because this
ion is at its low, intracellular activity. This step also requires
that one molecule of the MgATP complex bind to the E.
form of the enzyme, along with three Na ions, at the intra-
cellular surface of the sarcolemmal membrane.
After the formation of E, . 3Na +i. MgATP, this complex
is promptly converted to another intermediate, E.~p.
3Na +i. Mg, in which the energy of ATP is transferred to
the phosphorylated enzyme and ADP is liberated according
to the reaction:
E1.3Na+j·MgATP~ E.-P.3Na+j·Mg + ADP. [2]
The EI~P.3Na+j.Mg intermediate, referred to as E.P
for convenience, represents the phosphoenzyme interme-
diate in which the energy of the terminal phosphate of ATP
has been transferred to the bond linking the phosphate moiety
to the enzyme. Note that the enzyme-bound Na+ remains
at its low extracellular activity.
The next step in this reactionsequence transfers the phos-
phate bond energy of E IP to the three Na ions that are bound
to the enzyme. In this way, the energy of these enzyme-
bound Na ions is "raised" to the higher Na+ activity of
the extracellular fluid, thereby making it possible for these
ions to be transported out of the cell. Thus, it is this step
that allows the sodium pump to extrude Na +. At the same
time that energy is being transferred to the enzyme-bound
Na +, the bond linking the phosphate group to the enzyme
changes to a lower energy bond according to the reaction:
E,-P.3Na+i·Mg~ Ez-P.3Na+o·Mg. [3]
This is rapidly followed by the release of the enzyme-bound
Na+:
Ez-P·3Na+o·Mg~ Ez-P.Mg + 3Na+o- [4]
Immediately after the three Na + are released into the ex-
tracellular fluid, two K+ bind to the extracellular surface
of the enzyme, possibly to sites from which the previously
bound Na + was released:
Ez-P.Mg + 2K+0~ Ez-P·2K +o·Mg. [5]
Phosphate is then released, possibly along with the bound
MgZ + , at the same time that the enzyme-bound K + is trans-
located to the interior of the cell according to the reaction:
Ez-P·2K+o·Mg~ Ez + 2K+j + Mg?". [6]
The cycle is completed when Ez is reconverted to E,:
[7]
The overall reaction of the Na +-K + ATPase, which en-
compasses the steps shown in equations I to 5, is therefore:
E3Na+j + 2K+0 + MgATP~
3Na+o + 2K+j + Mgz+ + ADP + Pj. [8]
Effects of ATP on Na+·K+ ATPase. ATP has two
distinct effects on the sodium pump that arise from two
fundamentally different types of interaction between the
nucleotide and the sodium pump. It is now clear that there
are two functionally distinct ATP-binding sites that differ
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both in their affinity for ATP and in the way in which ATP
binding influences the sodium pump. One of these sites, of
course, is the "substrate site" to which ATP (in a complex
with Mg2 +) must bind before its energy is utilized for the
active transport of Na + and K +. This is seen in equation
1, where MgATP is the substrate for subsequent reactions
of the sodium pump ATPase reaction. This substrate site
has a very high affinity for ATP, being half-saturated when
ATP concentration is approximately 1 J.LM.
The second ATP-binding site of the Nat -K+ ATPase
enzyme represents a "regulatory site" in that ATP bound
to this site is not utilized directly for ion transport. Instead,
binding of ATP to this regulatory site accelerates the turn-
over of the sodium pump; that is, the overall reaction shown
in equation 8 is accelerated. These regulatory ATP-binding
sites have a much lower affinity for ATP than do the sub-
strate sites, being half-saturated at approximately 0.2 J.LM
ATP. As a result, a decrease in cytosolic ATP concentration
initially influences the regulatory rather than the substrate
site of the sodium pump.
The concentration of ATP within the myocardial cell is
normally in the millimolar range, so that there is little like-
lihood that a lack of ATP could affect the substrate binding
site under any but the most extreme conditions of energy
depletion. On the other hand, changes in the binding of ATP
to the lower affinity regulatory site may playa role in mod-
ulating sodium pump turnover under pathologic conditions
where ATP concentration is reduced, notably in the ischemic
heart. It is, therefore, possible that slowing of the sodium
pump contributes to the loss of K + in the ischemic heart,
although this effect does not appear to contribute to the
initial K + loss that occurs in the first minutes after the onset
of ischemia (II).
Structure of Na +·K + ATPase. Each functional unit of
the sodium pump contains two types of subunit, designated
a and (3. The larger a subunit has a molecular weight of
100,000 daltons, while that of the (3 subunit is 40,000 dal-
tons (12). The functional unit of Na + -K + ATPase is prob-
ably an oligomer of a and (3 subunits (13), although the
number of (a,(3) subunits in this oligomer is not known with
certainty. Recent evidence (14) indicates that the functional
unit is the dimer: (a,(3h.
The larger a subunit contains sites for ATP binding and
phosphorylation, and for Na + and K + binding. As Na +
and ATP are bound at the cytosolic (intracellular) surface
of the sarcolemma, while K + must be bound at the extra-
cellular surface, the a subunit must span the membrane
bilayer to be able to bind all of these substances. In other
words, portions of the a subunit are expected to project
from the bilayer on both sides of the membrane. The a
subunit is also the catalytic subunit that is responsible for
ATP hydrolysis and Na + and K + transport, and this subunit
contains the cardiac glycoside binding sites that allow dig-
italis to inhibit the sodium pump (15). The function of the
smaller (3 subunit, which is a glycoprotein, remains poorly
understood.
Effects of Cardiac Glycosides
Digitalis is now recognized to have a specific and im-
portant action to inhibit Na +-K + ATPase; the resulting in-
crease in intracellular Na+ being causally related to the
positive inotropic effects of this class of drugs (8). The
cardiac glycosides, which bind to the a subunits at the ex-
tracellular surface of the membrane, probably inhibit the
rate of all of the steps in the reaction scheme described
previously (9).
It should be noted that a slight, and often inconsistent
stimulatory effect of very low concentrations of cardiac
glycosides on Na +-K + ATPase activity has been noted over
the past 20 years by a number of investigators. Although
there is some evidence that this effect may in fact be related
to the pharmacologic effects of the cardiac glycosides (16),
this stimulatory effect appears not to be related to the pos-
itive inotropic effects of digitalis. Stimulation of sodium
pump activity by digitalis in intact cardiac tissues now ap-
pears to arise from a "side effect" of the cardiac glycosides,
namely, to release beta-adrenergic agonists, which them-
selves increase Na ' -K+ ATPase activity (17).
Current evidence indicates that the inhibitory effects of
digitalis on No: -K+ ATPase arise when these drugs bind
preferentially to one or more of the phosphorylated inter-
mediates formed during the reaction mechanism of the Na+-
K+ ATPase enzyme. The highest affinities for digitalis bind-
ing are to the low energy phosphorylated intermediates (E2P)
that are bound to Mg2+ and Na + (18), possibly E2 - p.
3Na +0 • Mg (19). This interpretation is supported by the
observation that the binding of cardiac glycosides to the
enzyme is promoted by Na", Mg2+ and ATP, while this
binding is inhibited by K ". Once thought to represent a
competitive inhibition of digitalis binding by K +, this ability
of K + to reverse the inhibitory effect of the cardiac gly-
cosides is now believed to result from a decrease the pro-
portion of the enzyme that is in the E2P conformation. Thus
a reduction in the proportion of the Na-K ATPase that is in
the digitalis-sensitive E2 - p. 3Na +o' Mg form can be ex-
plained by the ability of K + to promote the breakdown of
this low energy intermediate because K + facilitates its con-
version to E2 - P . 2K +o' Mg (equations 5 and 6) (19).
The ability of K+ to decrease the binding of cardiac
glycosides to the sodium pump explains the very important
relation between the pharmacologic effects of digitalis and
the level of extracellular K +. The most important aspect of
this relation is that the inhibitory effects of the cardiac gly-
cosides are partially reversed when extracellular K + con-
lACC Vol. 5, No. 5
May 1985:16A-2I A
KATZ
DIGITALIS AND SODIUM PUMP
21A
centration is increased, whereas digitalis toxicit y is in-
creased when serum K t levels are low . The abilit y of K +
to reverse the inhibitory effects of the cardiac glycosides on
the sodium pump (and conversely of hypokalemia to po-
tentiate these effects) explains the well known relation be-
tween serum K + and the toxic side effects of cardiac gly-
coside therapy, notabl y the clinically significant abilit y of
high serum K + levels to alleviate the toxic effects of the
cardiac glycosides, and conversely, of hypokalemia to po-
tentiate " digitalis toxic ity ."
Mechanism of the Positive Inotropic
Effect of Digitalis
The relation between the inhibition of the sodium pump
by the card iac glycosides and their positive inotropic effects
is discussed elsewhere in this symposium by Fozzard (8) .
At this point it is sufficient to note that a causal link between
sodium pump inhibition and the positi ve inotropic effect of
digitalis , propo sed more than two decades ago, has now
found incisive support in the results of recent measurements
of intracellular ion concentrations. By demonstrating that
the positive inotropic effect of the card iac glycosides cor-
relates with an increase in intracellular Na + , these data
showing that the ability of digitalis to impair sodium efflux
is accompanied by a net gain in cellular Ca2 + provide strong
support for the hypothesis that sodium pump inhibition
explains the ability of digitalis to increase myocardi al
contractility.
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